Abstract: Exergy analysis is a powerful and systematic tool for the improvement of energy systems, with many possible applications in both conversion and utilization of energy. Here we present selected applications, with a special attention to renewable energy systems (solar), covering both design and operation/control. After these applications to non-reactive systems, potential ways of reducing the large irreversibilities connected to reactive systems (combustion) are considered, with special reference to chemically-recuperated gas turbine cycles and topping high-temperature fuel cells. 
Introduction
Exergy analysis is a recognized method for the analysis and optimization of energy systems [1] [2] [3] [4] [5] [6] . It is widely documented both in energy conversion (with special reference to thermal or thermochemical options) and energy utilization (from cooling to industrial heat/process applications). Without pretending to be exhaustive, the present paper presents some applications ranging from design to control, applied to non-reactive and reactive energy systems.
Non-Reactive Energy Systems

Case 1-332 MWe Steam Power Plant (Energy Conversion; Design/Optimization)
The first test case is a reference 332 MWe Power plant ( Figure 1 ). Its layout has been slightly simplified with respect to a true power plant, basically neglecting shaft seal steam recovery. The steam cycle has 3 high-pressure and 3 low-pressure surface heat exchangers (HP_ST1-3; LP_ST1-3); a Mixing Feedwater Heater (MFH, serving also as de-aerator for removal of non-consensable gases) separates the feedwater line in the high and low-pressure sections. The main data are collected in Table 1 . The system is simulated using EES32 [7] ; from the base case (ENEL power plant data), a genetic algorithm optimization was run in order to determine the set of the seven extraction pressures ( Table 1 ) that optimize the plant thermal efficiency. A small margin for improvement was found, with some adjustments of extraction pressures that should not impair the assumed values of the steam turbine efficiencies. Figure 2 collects the results of the 19 exergy destructions and losses calculated for the steam power plant. The inlet exergy is assumed at steam cycle level, that is, the exergy difference between points (12)- (10) for the main flow stream and points (15) - (14) for the RH flow stream; exergy destructions/losses were calculated according to standard practice [1, 2, 5] . It is interesting to notice that the optimization process leads to the reduction of some exergy destructions, and to the increase of some others. The optimized set of extractions sees a notably lower value of the LP1 pressure, and an increase in the HP extraction pressures; indirectly, varying the mass flow rates of the extractions causes a variation of the steam turbine exergy destructions. 
Case 2-Solar Thermal Steam Power Plant (Energy Conversion; Standard/Optimum Control)
The second test case is a solar thermal energy conversion plant, whose schematic is shown in Figure 3 . The arrangement corresponds to common practice encountered in large solar thermal fields, such as is documented in references [8] [9] [10] . The solar collector field is usually arranged as a solar farm of parabolic-trough collectors, which are heating a high-temperature heat transfer fluid. The heat transfer fluid is maintained in liquid conditions even at very high temperatures (up to 400 °C for silicon oils such as Therminol VP-1 [13] ); it is circulated through a primary circuit to the steam generator, where it generates steam from liquid water at inlet (secondary circuit). Steam is then expanded in a traditional superheated steam cycle, usually including a Mixing Feed-water Heater (MFH) for an effective removal of non-condensable gases. This is the typical layout for reference power sizes larger than 1 MW e , while for lower power ratings Rankine Organic Cycles (ROC) [8, 13, 18] are gaining increasing popularity. The discussion in the following is aimed at control applications, and it applies both to steam and ROC power cycles. Control of solar thermal power plants has not up to now received much attention from the scientific community. As these power plants are still in the start-up phase, the first goal is to demonstrate that they are efficient and reliable: in order to do that, and considering the variability of the solar source over time, the steam plant is usually operated under fixed thermodynamic conditions (pressure and temperature). A typical current control law [10, 15] uses a fixed set-point temperature at collector outlet, T fo ; consequently, the temperature of superheated steam T 6 is also fixed; the flow rates in the primary and secondary system circuits are adjusted according to the availability of solar radiation. Seasonal adjustments to T fo and T 6 are usually necessary. This operation law has some technical sense, as it minimizes thermal expansion problems -a common critical issue in solar farms using a large number of parabolic-trough collectors. However, a strong reduction of the flow rate through the primary and secondary loops results when the solar radiation is very low, at morning or in the evening. Under such conditions the collectors are driven to stagnation conditions, that is, operation with a very high heat loss to the environment, and efficiency close to zero [11] . In order to minimize such problems, storage devices are added to the circuit, or external heating integration is used (e.g., with an auxiliary burner using a conventional fuel). In some cases, silicon oil is substituted with molten salts [14] , which must be maintained under liquid conditions even at night: this is obtained using heat from a large combined-cycle gas turbine exhaust.
The authors believe that when trying to efficiently use natural energy resources that are subject to large and/or un-expectable variations in time, such as solar, wind or wave energy, the energy conversion plant should be operated following as close as possible the conditions dictated by nature. In the case of solar energy, this means that when radiation is low we should accept operation of the solar thermal conversion plant not only with reduced flow rate, but also with adjusted (reduced) parameters (steam pressure and temperature). Exergy is a very useful tool in this case [13, 16, 17] . The data presented in Figure 4 was calculated for a typical commercial parabolic trough collector. It demonstrates that the collector outlet temperature (for fixed inlet temperature conditions) should be chosen in order to maximize the exergy efficiency of the collector. The maximum exergy condition (ME) is strongly affected by solar radiation. From the curves shown in Figure 4 , the following conclusions can be drawn:
MFH
-In order to have low thermal losses and transfer most of the heat to the fluid, the solar collector should be operated at a high thermal efficiency, with a low average absorber temperature (T fo + T fi )/2. The collector transfers large quantities of heat to the fluid, but it is low-quality heat. -If the average absorber temperature is raised, the collector transfers less heat to the fluid (but with a higher quality); the heat loss to the environment is increased. If I is low or T fo is raised too much, the collector reaches shut-off conditions (no useful energy output, zero efficiency) -Between these two conditions (which depend on T a and I, as well as on T fo ), a condition of maximum exergy output (referring to the collector) must exist. Referring to the plant schematic in Figure 3 , the collector inlet temperature T fi is determined by two conditions:
-The pinch temperature difference in the steam generator.
-The operating pressure of the MFH, which in turn determines the saturated liquid conditions at its outlet. 
(a) (b)
Looking at the steam generator temperature/surface diagram, it makes sense that, when radiation is low and it is not possible to reach the design value of the collector outlet temperature T fo , the plant operator should accept to operate the steam circuit with a lower pressure (and consequently a lower T 4 ), and a lower superheated steam temperature T 6 (e.g., maintaining the same values of the approach and pinch temperature differences, respectively DT a and DT p ). It is true that the steam turbine would operate under off-design; however, a reduced mass (and volume) flow rate would result also if the plant were controlled with fixed set-point temperatures (T fo and T 6 ), so anyway off-design operation is unavoidable (without a heat storage for short time periods, or external heat integration for longer periods).
In Rankine Organic Cycles [13, 18] , the turbine exit conditions are usually in the super-heated state, and a Regenerative Heat Exchanger (RHE) pre-heating the liquid before entry to the steam generator must be added. The effectiveness of the RHE and the condenser pressure substitute the MFH condition (steam case).
The maximum exergy operating conditions (shown graphically in Figure 4 ) can be determined by recursive analytical solution [16] only when the thermal efficiency curve of the collector (Figure 4b ) is linearized. However, it is relatively simple to develop a numerical procedure, starting from a guess value (for example, obtained by linearization of the efficiency curve, such as in [16] ), and searching 
(a)
directly for the maximum exergy condition. In the present case a chord iterative method is applied. A typical result is shown for a typical day in June in Figure 6 ; fixed set-point control ( Figure 6a ) is compared to ME control ( Figure 6b ). The value of the fixed DT was chosen as that maximizing efficiency at noon. It is clear that ME control causes a remarkable decrease of the collector exergy loss (heat released to the environment), at the expense of a larger collector heat transfer exergy destruction. The result is a higher overall efficiency of the whole energy conversion plant ( Figure 7 ). Time of the day (June) Overall conversion efficiency DT_fix ME
Case 3-Solar Collector Design (Thermal Utilization/Heat Transfer; Design)
Exergy analysis of solar collectors-calculation model Solar collectors are designed to collect heat from the sun and not to convert heat into mechanical or electrical work; however, exergy analysis is interesting for three reasons:
1. To determine the quality of collected heat, on the basis of its temperature, in order to somehow merge the two main performance parameters of solar collectors: efficiency and temperature rise of the fluid; 2. To assess the main sources of collector exergy destructions and losses and their amount, which is closely related to temperature levels of the fluid and of the environment (the latter is the reference restricted dead state); 3. To keep the exergy consumption of the pump (mechanical work) in consideration when the collector thermal performance is determined. This can be of great help in collector design because it could suggest, for example, to limit some design parameters (diameters of tube, roughness, piping layout, etc.) that lead to high values of pressure losses, and consequently, to high energy consumption of the pump.
The model for exergy analysis was added to a design tool of solar collectors, developed in EES environment [7] , on the basis of a classic approach [19] . The total exergy input to the collector is the sum of two terms: , T a is the environmental reference temperature. I is the overall radiation (beam + diffused) per unit surface and A C is the collector surface area.
Work Exergy from the circulating pump (W pump ):
, The overall exergy input is then given by:
The useful exergy extracted from the collector system is the amount related to the fluid (water) temperature increase:
. Where T fi and T fo are inlet and outlet flow temperature, respectively, whereas c p is the constant pressure fluid specific heat. Thus, the direct expression of collector exergy efficiency is:
, The indirect exergy balance can be built by the calculation of the following detailed exergy losses/destructions: a) Exergy loss due to incomplete absorption of the incident radiation coming from sun (a fraction is reflected by the cover-in case of glazed collectors-and the transmitted fraction is not completely absorbed by the plate). Thus, the loss is given by the difference between incident and actually absorbed radiation (S):
b) Exergy loss due to heat dispersed to the environment:
Where U tot is the overall plate-environment heat transfer coefficient and A c the collector surface area.
c) Exergy destruction due to the temperature difference between the sun and the absorber plate: ; where T ml is the log-mean inlet-outlet fluid temperature difference:
. e) Exergy destruction due to pump work, whose only purpose is to ensure fluid motion against the piping head losses, with no additional useful effect:
, .
f) The collector friction loss is the sum of distributed and lumped losses; these last are due to curves, corners, etc. and are globally evaluated as ∆ 2 · 1,0
. The coefficient 2 accounts for a T connection (or a 90° curve) at inlet and one at outlet. Thus, the complete expression of the friction loss-which must be compensated by direct pump work, equivalent to exergy; with a compensation for pump efficiency-is given by:
η pump (here assumed 0.6) is the overall pump efficiency (including fluid dynamics and electrical engine efficiency).
The final expression of the sum of the exergy losses and destructions is then:
and the indirect expression of the collector exergy efficiency is:
Exergy efficiency curves of solar collectors In 1974, the National Bureau of Standards published a procedure for testing the thermal performance of solar collectors, that was later modified by ASHRAE in 1977 [11] . The procedure is As discu curve vs. X Figure 8 Finally, exergy accounting can be applied to qualify the amount of thermal energy captured by the collector covering a relatively long time period, like months or seasons. It is interesting to notice that the highest amount of exergy is collected in spring months like April and May, whereas in summer and winter worse performance levels are achieved ( figure 12 ). This is attributable to the following reasons: 1) in winter the fluid temperature rise across the collector is modest, consequently the exergy collected is reduced. 2) in summer, in spite of larger temperature rise, the higher environmental temperature (representing the reference state) is responsible for reduced exergy performance.
On the whole, the moderate levels of environmental temperatures in spring are responsible for a good exergy performance of solar collector in this season. The effect of the environmental temperature T a is remarkable for moderate temperature rise of the working fluid (ΔT f ), whereas at high ΔT f the influence of T a on the exergy collected is reduced. For a fixed collector surface area, ΔT f increases with reducing flowrate, resulting in an increase of exergy collected per square meter, as shown in Figure 12b ). Moreover, in midsummer months like July, the worst performance is registered at high flowrate, whereas high levels of collected exergy can still be achieved at low flowrates in spring months like May. This suggests that the effect of increasing ΔT f at reduced flowrate prevails over the effect of higher environmental temperatures in summer. On the whole, we can say that environmental temperature plays an appreciable effect on collected exergy when the temperature rise is relatively low, whereas it is of minor importance at relatively high ΔT f .
From this point of view, exergy analysis applied to an existing solar collectors field can be regarded as an useful tool to adjust the flow rate according to the different energy demand and seasonal conditions: the guideline being to collect the highest possible amount of exergy. In fact, in cold time periods, when collectors heat losses to the environment are consistent, it may often be useful to reduce flow rate in order to achieve interesting values of ΔT f , rather than working at design flow rate but with extremely modest values of ΔT f (0-2 °C). The indication is further complicated by the addition of a storage system (usually a sensible heat device), where transient behavior must also be considered, and of external heat integration (usually provided by fossil fuels); in this case, the optimal size of the 
Reactive Systems
Case 4-Fuel Cell/Gas Turbine Integration-Reforming of Methanol
The conversion of the chemical exergy of a fuel into electricity implies large irreversibilities, which can be reduced through a careful application of exergy analysis including reactive sub-systems and components. The reference cases here proposed considers Fuel Cell/Gas Turbine power cycle integration. The first case (A) is based on a pressurized Solid Oxide Fuel Cell (SOFC) coupled to a GTCC power cycle (Figure 13) , whereas in the second case (B, Figure 14) , the SOFC is placed downstream the gas turbine (GT) at atmospheric conditions, and the exhaust of the GT is directed to the SOFC cathode.
The GT is a GE10 model fuelled with methanol, which is attractive because of its low reforming temperature (about 300 °C) and good storability, as it is in liquid state at environmental conditions; moreover, it can be produced as a synthetic fuel from a number of natural resources, including coal and biomass. An extensive description of the proposed power cycles is reported in [22] . Here, the discussion is only focused on exergy analysis and the data shown on figures 13 and 14 are referred to optimized working conditions. In Figure 13 and Figure 14 , W el,tot is the overall power plant electric power output, η tot the overall power plant efficiency, U a is the oxidizer utilization factor (the ratio between the actual mass of reactive oxidizer and the overall input) and V cell is the fuel cell potential. Exergy analysis applied to these reactive power cycles is able to assess the influence of SOFC and of the heat exchangers network on the overall power plant efficiency at variable working conditions (i.e., pressure ratio β, Figure 15 ). Three pressure ratios were taken into account: very low value (β = 6), which optimizes the efficiency at low SOFC size (m fuel,2 = 1 kg/s), β = 10 for SOFC-GTCC-A and β = 12 for SOFC-GTCC-B, the optimizing values at high SOFC size (m fuel,2 = 3 kg/s) and β = 15, the design value of GT10 [22] . 
Exergy Analysis of SOFC-GTCC-A (Pressurized SOFC).
It is interesting to observe the trend of the exergy efficiency of each component under the different working conditions (Figure 15b ). The less efficient ones are the combustion chambers, the de-aerator and the methanol economizer. Anyway, the last two have a modest influence on the overall power cycle (less than 0.5%, see Figure 15a ). Into the Syngas Pre Combustor (SPC), partial combustion of the produced syngas takes place to reach the required anode temperature if the exhaust temperature is not enough (depending on the GT pressure ratio and firing temperature) to achieve the required value of syngas temperature at anode inlet by heat recovery in HE 2 . It is the less efficient component (exergy efficiency lower than 50%). Also the combustion chambers show relatively low exergy efficiencies (70%), as well as the reformer and the GT compressor (80%).
The heat exchangers showing the highest values of exergy destructions are HE 1 , HE 2 and the vaporizers. The accurate choice of matched heat capacities on the two sides of HE 2 , which involved adjusting the hot stream flow rate [22] , leads to a high exergy efficiency level (90%). Also the heat capacities on the two sides of HE 1 are well matched, as it shows rather good efficiency (85%) except at relatively high pressure ratios. At β = 15, the efficiency of HE 1 drops to 30%, but the heat transferred in this case is relatively modest, which implies a very reduced contribution to the overall power cycle exergy destruction (0.29%). The choice of using the whole exhaust flow rate to feed the vaporizer of the bottoming cycle improved the matching of gas/steam heat capacities [22] , which lead to high efficiency level (about 90%) of the vaporizer (EVA H2O ). Low efficiency level is achieved into the methanol economizer (ECO CH3OH ), due to the high difference between exhausts and fuel and not high matching of heat capacities. With increasing SOFC size (which is reflected by the fuel input m fuel,2 ), the stack exergy loss, and the reformer and combustion chamber CC 2 exergy destructions increase, whereas the compressor and expander ones remain practically unchanged (Figure 15c ). The combustor CC 3 is still inactive, whereas CC 1 is only activated at β = 15, but the power output in this case is lower than in the case with low SOFC size; consequently the relative exergy destruction is much reduced. The Pre-combustor relative exergy destruction (SPC) is higher than 2%, as the syngas flow rate-which must be preheated-is increased. The exergy efficiency of the SPC is still very low (50%). The exergy efficiency of power plant components like compressor, expanders, is at the same level of the case with m fuel,2 = 1 kg/s, which reveals a modest influence of SOFC size on their performance (Figure 15d ). On the whole, the overall performance of the power plant is improved increasing the SOFC size (the SOFC is a very exergy-efficient component).
Exergy Analysis of SOFC-GTCC-B (Atmospheric SOFC)
The relative exergy destructions and the exergy efficiency of SOFC-GTCC-B components (atmospheric SOFC) at small and large SOFC size (m fuel,2 = 1 and 3 kg/s respectively) are shown in Figure 16 . At low SOFC size, the highest exergy destruction is located at the GT combustion chamber CC 1 . Like in the previous case A, at low SOFC size the temperature required at the cathode inlet is increased, thus heat exchanger HE 3 is activated and hot exhausts coming from CC 2 get into HE 4 reduced temperature values, thus the GT heat recuperation is reduced as well. In this way, a higher amount of fuel is required and consequently CC 1 shows a larger exergy destruction. Compressor, reformer, GT expander, and SOFC have a significant weight in the overall power plant exergy balance, even though the last ones have a relatively high efficiency (93-94%, Figures 16b, 16d ). In the heat exchangers network, HE 3 and HE 4 have the highest influence on overall exergy destructions, in spite of their high efficiency (>90%). Like in the case of pressurized SOFC, increasing the SOFC size leads to an increase in SOFC and reformer relative exergy destructions (Figures 16a, 16c) , with contributions at the same levels as those found in case A with a pressurized SOFC. The exergy destruction in CC 1 is strongly reduced because the GT cycle heat recovery level through HE 4 is consistently increased. The exergy destruction in HE 2 increases due to the higher flowrate of reformed gas. Also HE 1 (when activated, β = 6) provides an appreciable contribution of 2% to the overall exergy destruction. Generally, for higher SOFC flow rates, the power cycle efficiency is improved, mainly due to the higher weight of reformer and SOFC, which are the most efficient components (Figures 16b, 16d) .
The exergy efficiency of HE 2 is lower compared to the cycle with pressurized SOFC (76% vs. 92%), due to the much larger average temperature difference between the hot and cold streams (400 °C vs. 50 °C). 
Conclusions
Several cases of possible improvement of energy conversion/utilization systems through exergy analysis have been presented and discussed. The selected cases range from conventional power plants (with application of optimization tools), to renewable energy systems (solar energy, with attention to control law for solar thermal conversion; and solar collectors design and operation); finally, more complicated applications involving reactive systems-using methanol and an hybrid GT/SOFC chemically recuperated cycle-have been presented.
The purpose of this paper-which presents mostly un-published material from a long time span of the Authors' research-is to demonstrate the potential of exergy analysis applied to energy conversion/utilization systems. The use of the exergy method is much more widespread in the scientific community than 20 or 30 years ago, and a solid scientific background has been developed, as confirmed by the existence of several reference textbooks [1] [2] [3] [4] 18] ; however, the potential of exergy analysis has not yet been completely demonstrated and the Authors hope that this paper can represent a small contribution to this end. 
